Abstract Arginine deprivation is a promising strategy for treating ASS-negative malignant tumors including melanoma. However, autophagy can potentially counteract the effectiveness of this treatment by acting as a pro-survival pathway. By combining tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) with arginine deprivation using ADI-PEG20 (pegylated arginine deiminase), we achieved enhanced apoptosis and accelerated cell death in melanoma cell lines. This implies a switch from autophagy to apoptosis. In our current investigation, we found that TRAIL could induce the cleavage of two key autophagic proteins, Beclin-1 and Atg5, in the combination treatment. Using specific inhibitors for individual caspases, we found that caspase-8 inhibitor could completely abolish the cleavage. Furthermore, caspase-8 inhibitor was able to fully reverse the enhanced cytotoxicity induced by TRAIL.
Inhibitors for caspase-3, 6, 9, and 10 were able to block the cleavage of these two autophagic proteins to some extent and correspondingly rescue cells from the cytotoxicity of the combination of TRAIL and arginine deprivation. In contrast, calpain inhibitor could not prevent the cleavage of either Beclin-1 or Atg5, and was unable to prevent cell death. Overall, our data indicate that the cleavage of Beclin-1 and Atg5 by TRAIL-initiated caspase activation is one of the mechanisms that lead to the enhancement of the cytotoxicity in the combination treatment.
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Introduction
Melanoma is very recalcitrant to available treatment once metastasis has taken place [1] . A new treatment using arginine deprivation has been investigated to treat melanoma [2, 3] . The rationale for this treatment is based on the fact that some melanomas do not express argininosuccinate synthetase (ASS), a key enzyme for arginine biosynthesis [4] [5] [6] and hence is auxotrophic for arginine. The normal cells, on the other hand, usually express this enzyme and are prototrophic for arginine. Thus, arginine deprivation using arginine degrading enzyme (arginine deiminase or arginase) has been shown to have targeted antitumor activity against melanoma both in vitro and in vivo [5] . Clinical trial using pegylated arginine deiminase (ADI-PEG20) has shown antitumor activity in melanomas which do not express ASS [2] . Nonetheless, not all ASS-negative patients showed tumor shrinkage [7] . In this regard, we and others have found that arginine deprivation through ADI-PEG20 results in autophagy before apoptosis. The apoptotic process usually does not occur until 3-4 days in arginine-depleted media. Importantly, the remaining non-apoptotic cells can resume growth after arginine repletion. It is known that autophagy is a pro-survival pathway to cope with the nutritional stress such as arginine deprivation as a means to provide arginine from the degraded non-essential proteins. Consequently, the cell death caused by ADI-PEG20 is delayed. During this delay we have found that some tumor cells can re-express ASS and become resistant to this treatment [8] . In order to improve the therapeutic efficacy of ADI-PEG20 treatment, an additional agent is needed to disrupt autophagy and re-direct the cells toward apoptosis.
We have previously found that by combining tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) with ADI-PEG20, we could effectively increase the apoptosis in melanoma cells in culture [9] . This combination treatment can produce appreciably more cell death than can either agent alone. We also found that the increased cell death in the combination treatment was accompanied by an elevation in caspase activity which was primarily due to increased level of truncated Bid (tBid), a pro-apoptotic protein that links the extrinsic apoptosis pathway triggered by TRAIL and the intrinsic apoptosis pathway that can be initiated by nutritional stress [9] . The question remains whether the addition of TRAIL also affects other pro-survival pathways like autophagy, besides the pro-apoptotic pathway. In our present study, we hypothesize that TRAIL will somehow attenuate the autophagy pathway in arginine deprivation treatment. We investigate this possibility using two melanoma cells lines, A375 and A2058.
Materials and methods

Cell culture
Melanoma cell lines A375 and A2058 were purchased from ATCC (American Type Culture Collection) and maintained with MEM (Invitrogen) containing 10 % FBS (Atlanta Biologicals) and streptomycin/penicillin (Invitrogen) in a humidified incubator with 5 % CO 2 at 37°C. Both cell lines do not express ASS; however, A2058 can be induced to re-express ASS in arginine-depleted medium while A375 cannot [10, 11] . A375 cell line stably expressing GFP-LC3 was created by transfecting plasmid encoding GFP-LC3 fusion protein into the parental A375 cell line with FuGENE 6 transfection reagent (Roch Applied Science). The transfectants were selected by 500 lg/ml of G418 (Sigma-Aldrich) and sorted by a FACSAria I (BD Biosciences) cell sorter based on the GFP fluorescence. The resulting cells were kept in complete MEM plus 500 lg/ml of G418.
Arginine-free medium preparation ADI-PEG20 was provided by Polaris, Inc. Complete MEM medium was incubated with 0.1 lg/ml of ADI-PEG20 for 48 h to simulate the arginine-depletion condition. We have previously shown that there is no detectable arginine level in this medium since all arginine available was converted to citrulline [11] .
Drug treatment
Soluble recombinant human TRAIL stock solution in PBS was obtained from National Cancer Institute. Inhibitors for caspase-3 (Z-DEVD-FMK), 6 (Z-VEID-FMK), 8 (Z-IETD-FMK), 9 (Z-LEHD-FMK), and 10 (Z-AEVD-FMK) and general caspase inhibitor (Z-VAD-FMK) were purchased from R&D Systems, and the inhibitor for calpain (ALLN) was from Calbiochem. All the inhibitors were dissolved in DMSO. Arginine-free medium was used for cell culture with or without TRAIL at 100 ng/ml for specified period of time. All the caspase inhibitors were used at 25 lM and added right before TRAIL. The same volume of DMSO was added to controls as vehicle. In all wells, the final concentration for DMSO was 0.125 % (v/v).
Cell viability assay
Cells were seeded at 5,000 cells/well in a 96-well plate and incubated overnight, and then treated for 24 h. The percentage of viable cells was determined with MTS assay with modified procedure [12] . Briefly, after treatment, the medium with drug was removed and replaced with 100 ll of 4.5 g/l glucose in DPBS. Then, 20 ll of the CellTiter 96 AQueous One Solution (Promega) was added to each well. After mixing, the plate was returned to cell culture incubator and incubated for 2 h. The plate was read in a BioRad 680 microplate reader at 490 nm.
Detection of apoptosis and GFP-LC3 by flow cytometry The Annexin V:FITC Assay Kit (AbD SeroTec) was used to label cells which have been treated with drugs. Briefly, the adherent cells (180,000 cells/well seeded overnight) were treated in a 12-well plate. The medium was collected; cells were washed once with DPBS. The wash was combined with the collected medium. The cells were detached with 0.25 % Typsin/EDTA (Invitrogen) and combined with the collected medium and DPBS. After centrifugation and removal of the supernatant, the cells were washed once with DPBS. Then the cells were processed according to the instruction of the staining kit. The data were collected in an Accuri C6 flow cytometer and analyzed with its bundled CFlow Plus software. For measuring the GFP fluorescence of GFP-LC3 fusion protein stably expressed in A375 cells, the cells were collected using trypsinization as above and washed twice with DPBS. The cells were then fixed with 1 % formaldehyde in DPBS and analyzed similarly as above.
Cell lysate preparation
All cells were collected in DPBS containing protease (P8340) and phosphatase (P5726) inhibitors (SigmaAldrich) at 1:1,000 dilution. The cell pellet was resuspended with 1X lysis buffer (Cell Signaling Technology) plus 1:1,000 dilution of protease and phosphatase inhibitors (same as above) and sonicated briefly on ice. The total protein concentration of the lysate was determined with the Micro BCA Protein Assay Kit from Pierce. The prepared lysate then was mixed with SDS-PAGE sample buffer and heated at 100°C for 10 min. The processed lysate can be loaded to SDS-PAGE gel or stored at -80°C.
Immunoblotting
Polyclonal antibody for Atg5 was from Abgent (1:200), and Beclin-1 monoclonal antibody (1:1,000) was from BD Biosciences. Polyclonal antibody for LC3B was purchased from Cell Signaling Technology and used at 1:1,000. Horseradish peroxidase-conjugated anti-rabbit IgG (H?L) and anti-mouse IgG (H?L) (1:5,000) were from Promega. Cell lysate with equal amount of total protein was resolved by SDS-PAGE (4 % for stacking gel and 10 or 12.5 % for separating gel) and electrotransferred at 250 mA for 2 h to a piece of PVDF membrane in transfer buffer (25 mM Tris, 192 mM glycine, 15 % (v/v) methanol). This membrane was then blocked with 5 % milk (Bio-Rad) in TBS buffer. After sequential incubation with primary antibody and horseradish peroxidase-conjuaged secondary antibody, the target protein bands were visualized with SuperSignal West Femto (Thermo-Fisher). The image of bands was captured with a Bio-Rad ChemDoc system. Quantity One (Bio-Rad) was used to measure the optical density of protein bands detected by western blot, and ImageJ was used to estimate the molecular weight of specific protein bands.
Statistical analysis
Data in bar graphs were represented as mean ± SD. Student's t test was used to compare the two sets of data with p \ 0.05 as statistically significant.
Results
Combination of TRAIL and arginine deprivation accelerated cell death in melanoma cell lines
We have shown previously that ASS-negative melanoma cells are sensitive to the combination of ADI-PEG20 and TRAIL treatment [9] . In this study, we use ADI-PEG20-treated medium to simulate the condition of arginine deprivation (see Materials and Methods). As can be seen from Fig. 1a , almost no cell death was detected with this medium alone after 24 h of incubation. While some cell death could be observed in TRAIL-only treatment, it was much more pronounced in the combination treatment. Fig. 1b shows that arginine-free medium could effectively inhibit the proliferation of melanoma cells in both A375 and A2058 at 24 h to 32 ± 7 and 60 ± 0.2 %, respectively, while TRAIL-alone had almost no effect on A2058 (102 ± 3 %) and with some reduction of cell viability in A375 (74 ± 21 %). The combination of both drugs significantly reduced live cells in A375 to less than 10 % and less than 40 % in A2058. We further determined the apoptotic cell fractions in different treatments by flow cytometry. As shown in Fig. 1c , the total apoptotic cells (Annexin V-positive) increased from 3.47 ± 0.07 % in arginine-free media to 52.80 ± 7.48 % in combination treatment for A375 (p \ 0.01) and from 9.65 ± 10.82 to 35.63 ± 6.32 % in A2058 (p \ 0.05). TRAIL-alone treatment resulted in about 12-17 % apoptotic cells in both cell lines (Fig. 1c) . In each treatment, the observed necrotic cell fraction (PI-positive and Annexin V-negative) was less than 7 % (see dot plots in Fig. 1c ). This suggests that apoptosis did play an important role in the cell death process in the combined treatment. Overall, these data clearly show that TRAIL and arginine deprivation together can promote cell death in melanoma. In addition, these findings are consistent with our previous results using ADI-PEG20 for treatment instead of arginine-free medium. However, it takes longer exposure (72 h) with ADI-PEG20 to yield similar results [9] . TRAIL attenuated the autophagic process which occured during arginine deprivation
We have previously shown that arginine deprivation was able to induce autophagy in melanoma cells [11] . Indeed, autophagy is pro-survival under this stressful condition. Here we used LC3 which is one of the Atg proteins needed for autophagosome membrane expansion to quantify the extent of autophagy. During autophagy, LC3 is conjugated to phosphoethanolamine in the phagophore membrane (precursor of autophagosome) to form LC3-II and serves as a marker for autophagy [13] . It is degraded after the fusion of autophagosomes and lysosomes, leading to the decrease of this protein.
In our study, we have transfected A375 with GFP-LC3, and the stable transfectants were used to determine the levels of autophagy before and after treatment by flow cytometry (Fig. 2) . As autophagy continues, the GFP fluorescence intensity decreases as a result of the degradation of GFP-LC3-II that has been incorporated in the autophagosome membrane [14] . Figure 2 shows that after cells were deprived for arginine for 12 h, there was a decrease of fluorescence compared with control (from 100 to 54.23 ± 4.83 %) while TRAIL-alone treatment had an increase in fluorescence over control (data not shown). The fluorescence was restored partially when TRAIL was combined with arginine deprivation (71.00 ± 7.32 %), indicating the attenuation of autophagy. When Z-VAD (Z-VAD-FMK), a pan-caspase inhibitor was added in the treatment, the restoration of fluorescence intensity was inhibited (60 ± 7.63 %). These results also indicate that the attenuation of autophagy by TRAIL may be mediated via caspase activity.
Beclin-1 and Atg5 cleavage upon TRAIL and arginine deprivation
Here we investigated the fate of two of the major proteins in the autophagic pathway. Beclin-1 and Atg5 are essential for autophagosome formation. It has also been reported that these proteins were affected during autophagy to apoptosis switch [15] [16] [17] [18] [19] [20] [21] . In our experiments, these two proteins showed a slight but discernable increase in response to arginine deprivation (Fig. 3a) . However, in the combination treatment, there was cleavage of these proteins, and their full length form was reduced. The relative corrected cleave/full length ratio of Beclin-1 increased from around 1.7 in arginine deprivation-alone and TRAIL-alone to about 7.3 (combination) in A375 suggesting the cause of the attenuated autophagy. Similar results were also obtained with A2058 (Fig 3b) . For Atg5, the relative corrected cleaved/ full length ratio also increased from about 2.0 (Arg-) to 45.8 ± 13.7 (combination) in A375 and from 1.7 (Arg-) to 8.9 ± 2.2 (combination) in A2058. Using ImageJ, we estimated that the major cleavage product of Beclin-1 is about 48 kDa, and the one for Atg5 is approximately 30 kDa. While the pattern of Beclin-1 cleavage was similar to that reported by some laboratories [17, 20] , the size of the major cleavage product is different from those reported by others, which is around 37 kDa in their cases [15, 21] . The size of Atg5 cleavage product also differed from the 24 kDa fragment generated by calpain [16, 19, 22] . Since the addition of TRAIL increases tBid and apoptosis [9] , it is reasonable to postulate that the caspase activation also occured. Indeed, we have found activation of caspase-3, 8, and 9 as indicated by the production of their cleaved products (Fig. 3c) . At 24 h post treatment in these two cell lines, arginine deprivation-alone did not cause appreciable caspase activation, and TRAIL-alone treatment induced weaker activation for caspase-8 and 9 compared to the combination treatment (Fig. 3d) . Only for caspase-3, the activation by TRAILalone was higher than that of the other two caspases. Nevertheless, the activation was still not as high, at around 57 and 70 % of that triggered by the combination in A375 and A2058, respectively. These data indicate a strong correlation between caspase activation and the cleavage of Atg5 and Beclin-1.
Inhibition of caspases could prevent the cleavage of Beclin-1 and Atg5 and rescue melanoma cells from cell death caused by the combination treatment
In order to further prove that caspases are responsible for the cleavage of Beclin-1 and Atg5, we have used different The mean intensities of GFP-LC3 for each treatment from three independent experiments are graphed below the histogram. The value of the control was set to 100. The error bar stands for SD specific caspase inhibitors to probe this possibility. As can be seen from Fig. 4a , b, all the inhibitors were able to prevent the cleavage of Beclin-1. The inhibition is more pronounced in A375 compared to A2058. For Atg5, caspase-8 inhibitor was the most potent one to inhibit the cleavage of Atg5 while caspase-3 inhibitor was the weakest. Importantly, these inhibitors were able to rescue the cells from death and nullify the effect of TRAIL (Fig. 4c) , thus making the combination treatment similar to that of arginine deprivation-only treatment. It is noteworthy that caspase-8 inhibitor which was the most potent in inhibiting the Atg5 cleavage appeared to have the greatest effect in reversing the apoptotic process with the percentage of live cells detected by MTS assay as 97 % for A375 and 96 % for A2058 (that in arginine-free media was set to 100 %).
In contrast, caspase-3 inhibitor which could only reverse the cleavage of Atg5 to a much lesser extent in A375 also achieved limited reversal of cell death. Inhibitors for caspase-6, 9, and 10 showed varying ability to prevent the cleavage of Atg5 and reduce cell death, which was not fully as potent as caspase-8 inhibitor in both cell lines. Taken together, our data suggest that multiple caspases can participate in the cleavage of autophagic proteins and halt this process. Interestingly, the inhibitor of calpain, ALLN, was unable to inhibit the cleavage of these two autophagic proteins as shown in Fig. 4d , while the pan-caspase inhibitor, Z-VAD, could completely block the cleavage. In contrast to caspase inhibitors, combination treatment with ALLN resulted in massive cell death observed for both cell lines (Fig. 4e) . In general, our data suggest that the cleavage of Beclin-1 and Atg5 is due to caspase but not calpain activity. Overall, we have found that by inhibiting caspase activities during the combination treatment, we were able to prevent the cleavage of key autophagic proteins and simultaneously block the cells from undergoing apoptosis. This indicates that caspase activation not only induces apoptosis but also attenuates autophagy.
Discussion
Melanoma is known to be resistant to chemotherapy, and targeted therapy is needed to improve treatment of this disease. Recent development of BRAF inhibitor to target Cleaved Atg5 in A2058 Fig. 3 Cleavage of Beclin-1 and Atg5 in the combination treatment was correlated with caspase activation. Melanoma cells were cultured in normal or arginine-free medium (Arg-) with or without 100 ng/ml of TRAIL for 24 h. Cell lysate was analyzed with western blot. a Cleavage of Beclin-1 and Atg5. b Relative densitometric ratio of the major cleavage product of Beclin-1 or Atg5 to its corresponding full length form corrected by loading control (b-actin). The ratio for the corrected control was set to 1. The error bar stands for SD (n = 3). c The activation of caspase-3, 8, and 9 as detected by the processed (cleaved) products accompanying the autophagic protein cleavage. d Relative densitometric ratio of the cleavage product(s) of caspase-3 or 8 to the corresponding full length form. For caspase-9, only the cleaved product was measured.
All the measurement was corrected with the density of the loading control (a-tubulin), and the corrected value for the control was set to 1. The error bar stands for SD (n = 3). One blot from three independent experiments with similar results was shown in panel a or c V600E mutation has been successful but resistance is almost inevitable and usually occurs in 6-10 months.
Another targeted approach is to use arginine degrading enzyme in melanomas which do not express ASS and hence cannot synthesize arginine. Using this approach to treat melanoma, we have found that while some ASSnegative patients responded to treatment, others showed only stable disease [2] . In our laboratory, we have found that cells can undergo autophagy as a mean to survive during arginine deprivation which could explain stable disease seen clinically. In this report, we have found a way to circumvent this process by using TRAIL to disrupt autophagy and accelerate apoptosis. Many investigations have shown the pro-survival nature of autophagy for cancer cells under different kinds of stress induced by chemotherapeutic drugs, nutrition deprivation, and oxidative or ER stress [16, [23] [24] [25] . Autophagy is a catabolic process in which cellular components such as organelles and proteins are enclosed by a double-membrane structure called autophagosome and delivered through fusion to late endosomes or lysosomes for degradation [26] . From its initiation to completion, autophagy requires a series of proteins termed as Atg proteins. Among all these proteins, Beclin-1 (Atg6) [27] and Atg5 [28] have been under rigorous investigation in many laboratories.
They are both essential for the formation of autophagosomes and hence critical for the autophagic process. Autophagy occurring as a result of arginine-depletion in ASS-negative cells serves as a means to evade apoptosis and an attempt to survive during stress. Thus, the efficacy of this form of treatment will rely not only on the ASS expression but also on the ability of these cells to undergo autophagy. Although complete arginine deprivation will eventually lead to apoptosis, cell death may take a long time (3-7 days depending on cell lines) to occur and may not be achievable in the clinical setting. Importantly, during this autophagic process, certain melanoma cells can re-express ASS to overcome arginine deprivation treatment [11] . Thus, to improve the therapeutic efficacy of arginine deprivation treatment, it is essential to stop the autophagic process. In fact, we have previously silenced Beclin-1 using siRNA combined with arginine deprivation for melanoma cells and we did observe increased cell death [29] . Many compounds have been shown to inhibit the autophagic process; however, the majority of them are nonspecific and require high drug concentrations. Among them, hydroxychloroquine has been studied and entered into clinical trial [30] . However, since the drug concentration required to inhibit autophagy is high, it can result in toxicity. Other compounds are under clinical development [31] . Recently, it has been shown that proteases such as activated caspases and calpain can cleave Beclin-1 and Atg5 and impede the autophagic process [15] [16] [17] [18] [19] [20] [21] [22] .
In this communication, we have shown that the addition of TRAIL resulted in the cleavage of Beclin-1 and Atg5, which led to decreased autophagy and produced an increase in apoptosis. The process is also enhanced by increased DR4/5 upon arginine deprivation [9] , and binding of TRAIL to these death receptor resulted in the activation of caspase-8 or 10 and subsequently other downstream caspases such as caspase-9 and then caspase-6 or caspase-3. We noted that caspase-8 inhibition could virtually abolish the cleavage of Beclin-1 and Atg5 and fully reverse the accelerated death induced by TRAIL combination. Other inhibitors were not as potent in this regard. This is consistent with the pivotal role of caspase-8 in initiating the TRAIL-associated extrinsic apoptosis pathway. The likelihood of caspase-8 to be the main caspase to cleave Beclin-1 is corroborated by the recent report that activated caspase-8 can cleave Beclin-1 in colon cancer cell line treated with DNA damaging agents [20] . It is possible that caspase-8 and other caspases can also cleave Atg5. From our data and previous work [9] , we postulate that the addition of TRAIL activates caspase-8, and to a lesser extent, caspase-10 which then cleaves Bid and links the intrinsic pathway (activated by arginine deprivation) with the extrinsic pathway. This leads to further activation of caspases-8, 10, and 9 which in turn activates downstream caspase-6 and 3. The activation of these caspases also result in cleavage of autophagic proteins which halted the autophagic process and re-directing ASS-negative melanoma cells toward apoptosis.
At present, our data indicate that calpain is not responsible for the cleavage of Beclin-1 and Atg5 in our treatment; Instead, inhibition of calpain activity appeared to increase cell death in the combination treatment. It is possible that when calpain activity was blocked in this treatment, there was a compensatory increase in caspase activation which led to increased cleavage of Beclin-1 and Atg5. Thus the autophagic process was attenuated, and apoptosis pathway was chosen.
It has been noted that the cleavage product of Beclin-1 by caspase [16] and Atg5 by calpain [19] would translocate to mitochondria to facilitate the release of cytochrome c, thus enhancing apoptosis. However, we still do not know the cleavage sites in Beclin-1 and Atg5 in our case. Further investigation is needed to answer these questions and to find out whether the cleavage products also have apoptosispromoting functions.
Overall, our present and previous data showed that the addition of TRAIL improves the therapeutic efficacy of ADI-PEG20 treatment through both halting the autophagic process by cleavage of key autophagic proteins and accelerating the apoptosis process. This combination should be explored for future combination treatment for ASS-negative melanoma patients. TRAIL has been in the clinical trial with some activity; however, because of its short half-life, continuous infusion is needed, which is quite cumbersome. To overcome this, monoclonal antibody agonists to DR5 and DR4 have been developed and are undergoing clinical trial. Thus, it is possible to incorporate these monoclonal antibodies with ADI-PEG20 for the treatment of ASS-negative melanoma. Since there are other tumor types which do not express ASS such as mesothelioma [32, 33] , hepatocellular carcinoma [34] , prostate carcinoma [32, 35] , and ovarian cancer [36] , this approach can also be applied to treat other ASS-negative tumors.
